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The objective of the research described in this dissertation was 
to predict and measure the effect of simulated boiling on the decay 
constants and associated lattice parameters of a heterogeneous light-water 
natural-uranium subcritical assembly. The ability to predict with accuracy 
the effect of voids on lattice parameters is vital in certain phases of 
safety analysis. 
In order to accomplish the experimental objective the subcritical 
assembly was pulsed with a neutron generator and the thermal die-away 
spectrum was measured and analyzed with respect to the decay constant for 
several bucklings. Two cases were considered: dynamic voids simulating 
boiling in hot channels such as might result from coolant flow stoppage 
or excess heat production, and the non-voided case. Voids of 40, !>0, and 
60 percent central moderator displacement, consisting of bubbles of com-
pressed air introduced into the central region of the assembly, were used. 
The predictions were obtained through the use of the nuclear analysis 
programs THERMOS, TEMPEST II, FORM, and EXTERMINATOR-2. The cross section 
programs TEMPEST II and FORM required input parameters describing a homo-
genized assembly. This standard method was used to obtain one set of 
cross sections representative of the assembly. A second set of cress 
sections, which took into account to a limited extent the heterogeneity 
of the assembly, was derived from these same two programs. A third set 
of cross sections utilized THERMOS, which does not require homogenized 
xi 
input. Three sets of lattice parameters and decay constants resulted 
from this study. 
Finally, the experimental decay constants were compared to the three 
sets of analytical decay constants. A large thermal neutron spectrum cool-
ing appeared for both the voided and non-voided cases. After taking this 
into account reasonable agreement between experiment and heterogeneous 




The first application of a pulsed neutron source to neutron 
research appears to have been made by Alvarez in 1938. Since that time, 
pulsed sources have been used to study the dynamic behavior of neutrons 
for the purpose of measuring the reactivity of reactor systems, measuring 
reactor parameters, i.e., diffusion coefficient, age, absorption coeffi-
cient, infinite multiplication factor, and measuring neutron spectra by 
time-of-flight techniques. Extensive measurements have been made on both 
multiplying and non-multiplying media. Several excellent review arti-
2-8 
cles are available. For the research reported here, a pulsed source 
was used to investigate the effect of simulated boiling on the decay con-




Numerous pulsed neutron studies have been undertaken to determine 
neutron diffusion parameters in multiplying media. This review will cover 
publications of interest since 1960. 
9 
Bach et al. (1961) conducted pulsed neutron experiments in the 
far subcritical as well as critical region of bare and reflected multiply-
ing hydrogenous media. The decay constants predicted by an equivalent 
2 
poison removal analytical method agreed to within ten percent of the 
measured values. In addition, the large diffusion cooling effect on the 
spectra of a small multiplying assembly was observed. Ghatak and Pearl-
stein (1965) conducted an analysis of the pulsed neutron method in poly-
235 
ethylene and U systems by numerically solving the time dependent 
Boltzmann equation. The time dependence of the reactor parameters was 
studied for both the space dependent and independent cases. Comparison 
with experiment was not attempted. Wells (1966) measured the decay con-
stants of reflected and bare uranium and light-water far-subcritical as-
semblies as a function of buckling. It was found that the decay constant 
is relatively insensitive to variations in buckling for a well-reflected 
assembly while quite sensitive for a bare assembly. In addition, the dif-
fusion cooling effect was found to be appreciable. 
12 
Malaviya et al. (1966) used the pulsed neutron technique to mea-
sure several lattice parameters of a heavy-water-moderated subcritical 
assembly. The agreement between the measured values of k^ and L and 
13 
those calculated by THERMOS was good. Judge and Daitch (1966) used the 
variational method to reduce the energy-dependent Boltzmann equation to a 
few-group scheme, then investigated several time-dependent pulsed multi-
plying media problems. The measured and calculated decay constants result-
ing from this work agreed well. However, the bucklings used were esti-
mated and it is pointed out that the calculated decay constants were ex-
14 
tremely sensitive to the buckling. Bliss et al. (1967) pulsed several 
heavy-water subcritical assemblies and compared the measured values of k^ 
to those obtained by poisoning experiments, the four factor formula, and 
3 
the two-group equation. The agreement between the four methods was quite 
good. 
Flournoy (1968) applied the pulsed neutron technique to a light-
water-moderated enriched-uranium subcritical assembly. The water level 
was varied in order to measure the decay constant as a function of buck-
ling. The measured diffusion parameters were in poor agreement with the 
predicted values as a result of large-buckling flat-geometry effects on 
the neutron background. Chow and Bierman (1970) experimentally deter-
mined k _ and deduced the neutron age to thermal for a homogeneous sub-
critical assembly. Good agreement was found with values predicted by 
two-group theory; age theory predictions were not good. 
In summary, a variety of pulsed neutron experiments have been car-
ried out on subcritical assemblies for the purposes of 1) providing lat-
tice parameters for reactor design and 2) providing experimental parameter 
values against which theory may be checked. The agreement between exper-
imentally determined lattice parameters and predictions appears mixed ac-
cording to the particular parameters involved. It seems that k __ can be 
err 
accurately predicted, but the average neutron velocity in a pulsed neutron 
experiment is quite difficult to predict due to the effect of diffusion 
cooling. As will be subsequently developed in the current work, this dif-
ficulty is of central importance in relating calculated lattice parameters 
to measured decay constants in pulsed assemblies. 
Voided Media 
In gas-cooled reactors large cooling channels pass through the 
reactor core. Since these channels influence the neutron mobility in the 
core, research has been done on the effect of void passages on the diffusion 
4 
17 
parameters of various media. Graves et al. (1963) measured the effects 
of voided fuel rod housing tubes in a critical heavy-water natural-uranium 
oxide assembly on the axial migration area. The calculated results, based 
on Benoist's theory, agreed reasonably well with the measured values. 
18 
Copic et al. (1964) measured, using a pulsed source, the anisotropy of 
the diffusion parameters in Plexiglas with empty channels. The values of 
the anisotropic diffusion parameters were compared to the theory of Behrens 
19 
with only moderate success. Utzinger et al. (1965) measured the axial 
diffusion constants of heavy-water assemblies containing empty tubes. 
The experimental values of the diffusion constants were always smaller 
than the theoretical values. 
20 
Bennett (1967) measured the effect of empty channels on the neu-
tron diffusion coefficient in graphite using a combination of static and 
dynamic (pulsed neutron) techniques. The use of a static technique in 
void measurements tends to yield dubious results as steady state exponen-
tial experiments are susceptible to systematic errors due to direct 
streaming of the source neutrons along the channels, yielding too large a 
21 
value for the diffusion length parallel to the channels. Page ' (1967) 
used the pulsed neutron technique to determine the value of the radial 
diffusion coefficient of light water with constant void fraction. The 
radial dimensions were varied and the decay of the fundamental mode was 
measured to obtain the a (B2) data. The experiment established that, for 
1.3 inch diameter cylindrical voids on a 3.68 inch pitch in water, the 
diffusion coefficient for the radial direction was increased 25 percent 
above that for water alone. The theories of Leslie and Behrens predicted 
5 
22 
21 and 51 percent increases, respectively. Khan and Kabir (1968) pulsed 
a light-water assembly with cylindrical voids to determine the anisotropy 
of the diffusion coefficient. The experimental results were compared with 
predictions based on Benoist's theory and gave fair agreement. 
23 
Bull et al. (1968) investigated the effect of cylindrical void 
channels on the anisotropy of the diffusion and diffusion cooling coeffi-
cients in graphite using a pulsed source. The experimental results for 
the diffusion coefficient were larger than those predicted by homogeniz-
ing the voids and were in good agreement with the analytical predictions 
24 
of Benoist and Carter. Deniz et al. (1968) studied lattices of graphite 
with empty channels by means of the pulsed neutron technique. The aniso-
tropic diffusion coefficients and diffusion cooling coefficients were 
measured. In addition, the presence of air (instead of a vacuum) in the 
void channels was shown to be non-negligible for large channels in gra-
25 
phite. Kikuchi et al. (1969) measured the effect of elongated void 
channels on the local flux distribution and neutron spectrum in a light-
water critical assembly. It was found that the spatial variation of the 
neutron spectrum needed to be taken into account in order to predict 
thermal group constants for a given void volume fraction. 
Again, as part of gas-cooled reactor development, theoretical 
work has been done on the effect of voids on the diffusion parameters. 
The voids considered in this work were of the cooling channel type and 
the theory is probably not applicable to the situation in boiling water. 
However, a common conclusion is that the diffusion coefficient in a voided 
medium is larger than would be predicted by treating the void simply as 
a reduction in density of the medium. 
6 
Objective of This Research 
The objective of the research described in this dissertation was 
to measure the effect of dynamic voids on the decay constants and asso-
ciated lattice parameters of a heterogeneous light-water natural-uranium 
subcritical assembly using the pulsed neutron technique. The voids;, 
bubbles of compressed air introduced into the central region of the assem-
bly, simulated boiling in hot channels such as might result from coolant 
flow stoppage or excess heat production. In addition, the programs FORM, 
TEMPEST II, THERMOS, and EXTERMINATOR-2 were used to predict the measured 
effect. This served as a test of the applicability of these commonly used 
reactor design programs to the problem, with special attention given to 
whether the effect of boiling on the lattice parameters is adequately 




During the course of this work, the decay constants of a light-water 
sample and of a light-water natural-uranium subcritical assembly were mea-
sured utilizing the pulsed neutron method. In this chapter, the pulsed 
neutron method, as applied to both multiplying and non-multiplying media, 
is discussed and two methods of obtaining diffusion parameters from decay 
constants are developed. 
The Pulsed Neutron Method 
The pulsed neutron method was applied in this work because of the 
good success it has produced in determining basic information about nu-
clear reactor systems. This technique is capable of providing accurate 
values of cross sections, diffusion coefficients, neutron ages, multipli-
cation factors, and other lattice parameters. The pulsed neutron method 
incorporates a neutron generator, a thermal neutron detector, electronic 
analysis equipment, and the medium of interest. A burst of monoenergetic 
fast neutrons is injected into the medium and the time response of the 
thermal neutron detector at a given point in the medium is analyzed. 
Upon entering the medium the monoenergetic fast neutrons slow down, 
thermalize, and finally diffuse through the medium. After sufficient 
time, dependent on the thermalization properties of the medium, the dif-
fusing neutrons achieve an equilibrium condition in both energy and space. 
8 
These neutrons continue to diffuse until they escape the medium through 
leakage or are absorbed. The time-dependent die-away of this equilibrium 
spectrum can be characterized by a single decaying exponential, referred 
to as the fundamental mode, whose decay constant is designated the funda-
mental decay constant, Oi . 
o 
The typical time response of a thermal neutron detector to a burst 
32 
of fast neutrons is shown in Figure 1. The transient region exists 
until space and energy equilibrium ia achieved by the thermalizing neu-
trons. Depending on the source strength, the fundamental mode region will 
exist for one to two milliseconds for light-water. The neutron detector 
and analysis equipment should be capable of utilizing high count rates in 
order to process as much data as possible following a burst. 
The neutron detector is normally connected to a preamplifier, an 
amplifier, and a multichannel analyzer operating as a multiscaler. The 
analyzer is triggered simultaneously with the neutron generator and records 
pulses from the detector over a preset time duration (typically 20 (xsec 
for light-water), stores the number of pulses received during that time 
interval (channel) in the memory location associated with that channel, 
and repeats the count and store procedure until all analyzer channels 
have been used. The result is a series of channels, each containing a 
portion of the time spectrum. The pulsing procedure is repeated with 
successive burst results accumulated in the analyzer memory until suffi-
cient (i.e., statistically sound) data are stored. A least squares fit 
of a single exponential to the data points in the fundamental mode region 
yields the fundamental decay constant. It is often difficult to determine 
the first and last channels of the fundamental mode region. To insure 
TIME 
Figure 1. Time Dependent Response of a Detector to 
Neutron Die-Away in a Mult ip lying Medium. 
10 
that the fitted points are not in the transient or delayed neutron region 
of the curve, a least squares fit of a single exponential is made over 
what appears to be the fundamental mode region, then an endpoint is 
dropped and another fit made. This channel-dropping procedure continues 
until the fitted parameter ot , the fundamental decay constant, becomes 
o 
independent of the channels over which it is fit. 
The total elapsed time required for a pulsed neutron experiment is 
determined by a combination of factors which include the nature of the 
materials to be pulsed, the characteristics of the detection system, and 
the performance specifications for the pulse generator itself. This 
latter factor was not insignificant in the present work, since the pulsing 
rate, neutron burst yield, and total available bursts for the sealed-tube 
generator probe are characteristically less than corresponding values ob-
tainable from larger-scale machines. 
Non-Multiplying Media 
The relationship between the space-time dependent flux and the 
decay constant will first be discussed for a non-multiplying medium. 
The simple one-group model commonly used to define the time depend-
ent thermal neutron flux for a pulsed neutron experiment is 
—» 
vD V2 0(r,t) - vSa 0(r,t) = ^ ' ^ (l) 
which is applicable after the burst (source = 0). In this equation 
v = average neutron velocity 
D = average diffusion coefficient 
11 
2 = average macroscopic absorption coefficient 
SL 
0(r,t) = space and time-dependent neutron flux. 
In addition, Appendix C demonstrates that 
vZ = v • 2 (2) 
a a ' 
vD = v . D . (3) 
Assuming space and time independence 
0<r,t) = R(r) - T(t) (4) 
where R(r) is the eigenfunction satisfying 
^R^Cr) + B* ^ (r) = 0 . (5) 
'lmn lmn lmn 
The time dependent solution becomes 
" m 
or 
T. (t) dT x lmn a 
imn 
Tlmn ( t ) " eXP [" < V D B L n + v S a ^ • <7> 
Thus, the solution of equation (1) is 
*<*•'> = 1 Aln,n Rlmn ( r ) e X? C" (vD BLn + v S a ) t ] < 8 ) 
lmn 
12 
where R. (r) are the solutions of equation (5) and A, are constants 
Imn lmn 
dependent on the boundary conditions. Often, the product vD is written 
as D . The eigenvalue B2 is the geometrical buckling of the lmn mode 
o lmn 
and will range from a minimum value B2 to a maximum value at B2. The 
° O co 
higher modes die away more rapidly than the lower ones until the B2 mode 
dominates. This is called the fundamental mode. The fundamental mode 
decay is then given by: 
0(r,t) = A R (r) exp (-a t) (9) 
' ooo ooo r o v ' 
where the fundamental decay constant is: 
a. (B2) = vE + D B2 . (10) 
o a o ooo v ' 
By measuring this decay constant a for several different moderator sizes 
or bucklings, vS can be determined along with D and neutron lifetime, 
d. O 
l = l/vZ . The diffusion length L = /D /VE and transport mean free 
o a 
path X = 3D /v can also be determined. 
^ tr o 
When experiments of this nature were performed, it was found that 
the Oi (B2) vs. B2 plots for small systems were not linear as equation (10) 
33 
predicts. This is shown in Figure 2. For small systems the asymptotic 
decay constant becomes: 
a (B2) = v£ + D B2 - C B4 + ... (11) 
o a o v y 
0(B
2) = v2a + DQB
2-CB4 
^(B2) = V 2 a + DQB
: 
BUCKLING, B' 
Figure 2. Decay Constant as a Function of Buckling 




with more terms required for smaller systems. The term C is usually-
called the diffusion cooling coefficient and allows for the preferential 
leakage of high energy neutrons. It corrects for the neutron energy spec-
trum not being a thermalized Maxwellian during the entire asymptotic time 
decay period. However, with the application of transport theory, C is 
found to be the sum of G and Cm where G^ is the diffusion cooling coef-
D T D & 
ficient and C is the purely transport theoretical correction to the re-
34 
suits of elementary diffusion theory. The majority of pulsed neutron 
experiments have been based on equation (11) with values of the three 
parameters vZ , D , and C being obtained by least-squares fitting to the 
35 
observed a -variation as a function of buckling. 
Transport theory also predicts a maximum buckling beyond which 
asymptotic decay is no longer possible. The one dimensional transport 
equation in a source-free isotropically scattering medium in plane geom-
. 36 
etry is : 
1 SF(E,u,x,t) m m j, (E) . F _ u |F m 
v dt t ox v 
00 +1 
+ 7M Z (E,^E)F(E',u*,x,t) dE'du' 
Z «J «J S 
where F is the vector flux. Using separation of variables: 
F(E,u,x,t) = F(E,u,x)exp(-at) (13) 
and substituting this into equation (12) 
15 
(st(E) - ̂ )F(E,U,X) = u | | + | J j Zs(E'-E)F(E',u',x) dE'du* . (14) 
o -i 
F(E,u,x) is always 5 0, as is the inscattering integral 
S (E'-E)F(E',u!,x) dE'du'. For space independence, dF/dx = 0, and thus 




t m m 
for an asymptotic decay. This also means that there exists a maximum 
value of B2, denoted B2 , such that for all B2 > B2 there is no asymp-
max max J r 
totic decay, i.e., no discrete eigenvalues. 
A physical explanation for this is that leakage tends to distort 
the energy spectrum due to preferential leakage of higher energy neutrons 
while collisions tend to reestablish the energy spectrum. The equilibrium 
energy spectrum exists when the leakage and energy transfer rates are 
equal. The neutron collision rate is vS (E). If an assembly has a B2 > 
B2 the leakage rate becomes greater than the energy transfer rate (lim-
max 
ited by vE (E) . ), the energy spectrum becomes time dependent, and a 
37 
discrete decay constant is never established. As a result, to obtain 
the neutron transport parameters by the pulsed neutron method, the B2 of 
the assembly must be less than B 
max 
Multiplying Media 
The equation governing the time decay of the fundamental mode in a 
multiplying assembly is identical with that for the non-multiplying assem-
16 
bly except that an additional term appears to represent the effects due 
to neutrons produced in the fissile material. The equation governing the 
38 
thermal die-away is (see Appendix D) 
a (B2) = v^1 + D B2 + v2F [1 - (l-3)ll6p -L.] . (17) 
o a o a ' th f ' 
39 
The representative a (B2) vs. B2 plot is shown in Figure 3. From Fig-
ure 3, the critical size of the assembly can be predicted by determining 
where a (B2) = 0; this means that the time-dependent part of the solution 
to the space-time equation is unity. In addition, the diffusion coeffi-
cient and the absorption cross section of the fuel-moderator mixture can 
be determined by letting B2 -* » and then 
a (B2) ~ v£ + D B2 . (18) 
o a o v ' 
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equation (17) becomes 
a (B2) = vET + D B2 + vST (1-P) k exp (- B 2T) . (23) 
j BUCKLING, B2 
PROMPT 
CRITICAL SIZE 
Figure 3. Decay Constant as a Function of Buckling 
for a Mult iplying Medium. 
H 
- < ] 
18 
For the general case, B2 and a are energy- and space-mode dependent. 
Time Scale 
To determine the lattice parameters of a given assembly, a can be 
measured as a function of the assembly buckling, B2, by inserting a neu-
tron transient into the system and observing the thermal neutron die-
away. In order to assemble such an experiment, a puisable neutron source 
and a detector capable of responding in a sufficiently sensitive fashion 
and rapidly enough to reproduce the die-away conditions are needed. In 
addition, an analyzer is required that can record counts in various 
channels representing short, even time intervals after pulse insertion. 
To select such a system we need an estimate of the die-away time and the 
number and width of the analyzer channels. 
The die-away of thermal neutrons in a sample is dependent on its 
size and composition. As an example of the time involved, the results of 
40 
a laboratory report from Argonne National Laboratory, ANL-6990, will be 
quoted. For a cubical assembly of light water 9 x 9 x 9 inches, the fun-
damental decay constant was measured as a = 6500 sec 1. In our research, 
due to the low source strength of the neutron generator used, the funda-
mental mode was observable for about one decade of decay before the back-
ground interfered. For the light-water cube, the time required to follow 
the fundamental decay for one decade is ln(10)/of, 354 microseconds in the 
example given. This is a relatively short time and presents the problem 
of how wide (in time) to make the analyzer channels. Channels too wide 
yield few time points, making it difficult to accurately fit the single 
exponential to the data; channels too narrow yield few counts in each 
channel, thus, poor statistical accuracy. 
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Harmonic Analysis 
It is desirable to make the time interval over which useful data 
are collected as large as possible. One technique of increasing this 
interval would be to extract data from the transient region. Lopez and 
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Beyster did this using water as the medium. It is the method used in 
this thesis to analyze the data of the light-water test case. 
This data collection and reduction method is based on a Fourier 
analysis of the time-dependent spatial distribution of the thermalized 
neutrons. Using one-group diffusion theory, the neutron distribution is 
D V2 0(?,t) - Za 0(?,t) = |
 a0<ji't) (24) 
which has 
0(x,y,z,t) = £ Almn(0) Rlmn(x,y,*) exp [- (^ + D Q B ^ t ] (25) 
lmn 
as a general solution. R (x,y,z) and B are, respectively, the eigen-
functions and eigenvalues of the Helmholtz equation: 
72R + B2R = 0 (26) 
with the boundary conditions that the R (x,y,z) are zero at the extra-
polated boundaries of the medium. 
For a rectangular geometry of dimensions a X b X c: 
/ \ T̂IX mny . nrrz ,„_,. 
Rlmn(x'y'z) = COS SU ' C ° S hVU • Sln ^+27 (27) 
20 
where the origin of the coordinate system is at the center of one end of 
the rectangle. B? is defined as: 
lmn 
"La " (ifc) + fe) + fe) <28> 
where e is the extrapolated end point. The coefficients A- (0) of the 
various terms of equation (25) depend on the initial distribution of 
thermalized neutrons. 
If the source position is such that the lateral incident flux has 
nearly a cosine distribution, the fundamental mode in the x-y plane will 
quickly be attained while the axial mode will still be rich in harmonics. 
In addition, if the detectors are situated along the z axis at x - y = 0, 
we have 
Bnn • (=HI)" + fe)2 + (;&)" <») 
Rlln(0,0,«) = sin ( £ £ ) (30) 
00 
0(O,O,z,t) = ^ A U n ( 0 ) sin ( ^ ) exp(-ofnt) (31) 
n 
where a = vZ + D B?- . (32) 
n a o lln ' 
Substituting 
bn(t) = An(0)exp(-c*nt) (33) 
equation (31) becomes: 
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0(0,0,z,t) = I bn(t) sin (££) (34) 
n 
which is a Fourier sine series. 
If, for example, we use four detectors along the z axis and 
multichannel analyze the time spectrum, equation (34) would become (for 
any time t.): 
/TTz \ / 2 T T Z I \ 
0(z1,t.) = bl(t.) sin {^±) + b2(t.) sin { ^ ) + (35) 
W sin (Si) + b4 ( t i ) sin (S 
«"2'V = W Sln G+£) + W Sin (S5l) + (36) 
,3rrz , ,4TTZ , 
0 ( z 3 , t . ) - b l ( t . ) s i n Qg) + b 2 ( t . ) s i n ( ^ f ) + (37) 
3TTZ„\ ,4TTZ, 
wsin (cTz!)+ vv sin (55S 
/ n z 4 \ v / s . /
2 T T Z 4 
0 ( z 4 , t . ) - b l ( t . ) s i n {^rj + b 2 ( t . ) s i n ^ j + (38) 
3rrz,\ /4TTZ 
We 
W Sin (S2l) + VV Sin (̂ 2l) • 
have four simultaneous equations with four unknowns: b (t.)» If we 
solve for the b terms for several different t.., we can determine of by 
n 1 n J 
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differentiating b (t.), equation (33), with respect to time: 
n i 
Qf = - jr In [b (t )] . (39) 
n at n l 
For this case we would get a. , a?i a , and a, . These four decay constants 
could be plotted against the B2 and would produce the standard a(B2) vs. 
n 
Q 
B curve. Thus, one experiment using the analysis of transient time data 
yields as much information as several of the classical type experiments 
where the physical dimensions of the assembly were changed for each a 
measurement. This, however, assumes that sufficient experimental equip-
ment is available to run several detection channels simultaneously. 
In conclusion, the pulsed neutron method is seen to be a technique 
whereby diffusion and lattice parameters may be experimentally determined. 
Two basic methods are used to obtain the parameters of interest: 
1. vary the geometry of the system, and 
2. Fourier analyze the decay of a fixed geometry system. 
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CHAPTER III 
INSTRUMENTATION AND EQUIPMENT 
This chapter describes the subcritical assembly, which was used 
as the multiplying medium in this work, the void generation system em-
ployed to simulate boiling, the pulse-producing neutron generator, and 
the composition and operation of the detection and data recording in-
strumentation. 
The Subcritical Assembly 
The light-water-moderated natural-uranium subcritical assembly 
used in this research was located in the School of Nuclear Engineering 
at the Georgia Institute of Technology. A triangular lattice consisting 
of 137 fuel rods on a 1.70 inch spacing was used to create a core with 
variable height. A cadmium box, 19.14 X 18.70 X 33.50 inches, centered 
within the water tank defined the four side and bottom boundaries. Each 
fuel rod consisted of an aluminum tube sealed at one end in which 8 3/8-
inch long, 1 inch diameter natural-uranium fuel slugs could be loaded end-
to-end. The core height was determined by the number of fuel slugs in 
the fuel rod and the height of the moderator level in the water tank. 
Figure 4 shows a vertical cross-section of the subcritical assembly. The 
neutron generator positioning tube allowed the target to lie along the 
vertical center line of the core, eight inches below the cadmium box. 
The purpose of the Styrofoam block was to displace water, thus minimizing 
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Figure 4. V e r t i c a l Sect ion of the S u b c r i t i c a l Assembly. 
25 
the attenuation of fast neutrons from the neutron generator. The fuel 
rods passed through holes in the upper grid plate and fitted into holes 
in the lower grid plate, thereby assuring the exact positioning of the 
fuel. Figure 5 is a side view of the subcritical assembly with the neu-
tron generator positioning tube at the bottom center. The water surround-
ing the four sides and bottom of the core serves as a shield from room 
return neutrons. The ceiling of the room housing this assembly is approx-
imately twenty-four feet high, minimizing the effect of room return neu-
42 
trons from above. McDaniel and Elliott " have given a detailed descrip-
tion of this assembly. 
The Void Generation System 
The void generation system consisted of the building compressed air 
supply, a flow meter, a plenum, gas hoses, valves, and 22 modified fuel 
tubes. Its purpose was to provide bubbles to simulate large scale boiling 
involving 22 central fuel elements. Compressed air at 20 psig flowed 
through a control valve, through a 1 1/4 inch I. D. rubber hose, past a 
fine control valve, and into a Fischer and Porter Co. Model 10 A 1027A 
flow meter. The flow meter could measure flow rates up to 11.1 scfm. 
From the flow meter the compressed air entered a plenum which distributed 
the gas through 3/8 inch I. D. Tygon tubes to 22 fuel elements, each stop-
pered at the top and with four equally-spaced 1/4 inch holes drilled 
around the tube one inch from the bottom. The compressed air entered the 
fuel tubes at the top, flowed downward between the fuel slugs and the tube 
walls and exited into the water through the 1/4 inch holes. The resulting 
bubbles then rose, creating a dynamic void. Figure 6 shows the air hose, 
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Figure 5. Side View of the Subcritical Assembly. 
Figure 6. Void Generation System. ro --q 
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fine control valve, flow meter, and plenum. Figure 7 shows the top of the 
subcritical assembly with the void distribution system in place. 
The Neutron Generator 
A. Kaman Nuclear Model A-800 neutron generator provided the neutrons 
for this research. The generator consisted of two separate units, pic-
tured in Figure 8. The accelerator unit, on the left, contained the basic 
neutron generating equipment. The console unit, on the right, contained 
all the instrumentation and controls necessary for the remote operation 
of the accelerator unit. During use the two units were connected by 30-
foot electrical cables. Only neutron pulses of 2.5 |Jbs half-width were 
available from this generator. Pulsing was accomplished by applying a 
high voltage pulse to the anode of the ion source. No continuous mode 
of operation existed. The life expectancy of the accelerator unit was 
200,000 pulses. 
Within the accelerator unit during a pulse, deuterium ions were 
accelerated through a 120 kV potential into a tritium-impregnated titanium 
3 4 
target. The resulting H (d,n)He reaction produced 14.3 MeV neutrons with 
a yield of 6.6 x 107 neutrons per pulse. The pulse rate for extended 
pulsing operations of more than a few minutes was externally adjustable 
up to 5 pulses per second; short-term rates up to 10 pulses per second 
are possible. 
Detection and Data Recording System 
The detection and data recording system was assembled according to 
Figures 9 and 10. This system is actually composed of two subsystems, the 
Figure 7. Top View of the Subcritical Assembly With Void 
Generation System and Detectors in Place. 
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Figure 9. Block Diagram of the Detection and Data Recording System. CO 
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Figure 10. Detection and Data Recording Equipment. 
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monitor system and the primary data acquisition system. The purpose of 
the monitor system was to provide a number directly proportional to the 
total neutron output of the generator during a particular experiment. 
This permitted comparison of all experimental data even though the gen-
erator output changed from one experiment to another because of varying 
gas pressure in the accelerator tube and target burnout. The purpose of 
the primary data acquisition system was to measure and record the thermal 
neutron die-away in the subcritical assembly. 
The Monitor System 
A two-inch Nuclear Enterprises, Inc. Model NE 421 slow neutron 
c. 
detector, utilizing 96 percent enriched Li dispersed in a ZnS(Ag) matrix, 
was mounted on an Amperex Electronic Corporation model PA 56 universal 
photomultiplier base assembly. The output from the anode of the photo-
multiplier was connected to a variable input-sensitivity preamplifier 
whose circuit was identical to a Nuclear Chicago Model 8765 preamplifier. 
The preamplifier output was a square 5.2 volt positive pulse of 1.2 [isec 
width. The Ortec Model 421 integral discriminator was set at 1 volt; 
this reduced the noise background to less than one count per hour. The 
discriminator output drove a Hamner Model NS-11-10E scaler, which tallied 
the monitor system counts. A remote-control power supply, diagrammed in 
Figure 37, was built into the scaler start-stop circuit for the purpose 
of linking the monitor system to the primary data acquisition system.. 
Thus, the scaler was the master unit whose start-stop buttons controlled 
the entire experiment. A Hamner Model N-4035 high voltage power supply 
provided -1800 volts to the photomultiplier base; an Electronic Measurement 
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Co. Model 212 AM transistor power supply furnished -15 volts to the 
preamplifier. 
The Primary Data Acquisition System 
The primary data acquisition system utilized two identical detec-
tion channels. Neutrons were detected by Reuter-Stokes Model RSN-1055-M9 
proportional counters. These detectors, shown in Figure 11, were filled 
3 
to a pressure of 304 cm mercury with 98 percent He , were built as probes 
52 1/4 inches in length and 5/16 inch in diameter, and had a sensitive 
length of one inch. A dual unit Ortec Model 428 detector bias supply pro-
vided 650 volts to operate these detectors near the center of their 150 
volt wide plateaus. The preamplifiers were charge-sensitive Hewlett-
Packard model 5554A units which had variable charge sensitivity, gain, 
and pulse output shape. Two Ortec Model 485 amplifiers were adjusted to 
yield unipolar output pulses of at least one volt amplitude. In addition, 
these amplifiers powered the preamplifiers with +24 volts. Two TMC Model 
CN-1024 digital computer units were used to record the primary data acqui-
sition system results. A TMC Model 212 pulsed neutron logic unit was mod-
ified so that it was capable of controlling both computer units with a 
"master-slave" relationship. This modification included an additional 
module containing input and discriminator circuits for use with the second 
detection channel. This unit is shown in Figure 12. The circuit diagram 
for this modification appears in Figures 38 and 39. The pulsed neutron 
logic unit discriminators were set at 1/2 volt, providing noise background 
of less than one count per 5000 bursts. The source trigger output pulse 
from this logic unit was of sufficient height to drive the neutron gener-
ator. The TMC Model 220 data output unit was connected to the master 
Figure 11. He Detectors with Spacers, Cadmium Covers, 
and Guide Tube. 
U) 
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Figure 12. Slave Module for Use With Seconc s t ec t i on Channel 
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computer unit and was utilized to count the number of neutron generator 
bursts and then to control the output of data from either computer unit 
to the Hewlett-Packard J44561B digital recorder. Each computer unit memory 
was interrogated individually and its output was recorded on 4 inch printer 
tape listing channel number and counts. 
Due to the low rate at which the generator could be pulsed, a uni-
junction oscillator, shown in Figure 40, was built to provide switch-
selectable pulse rates between 1/2 and 10 pulses per second. This pulser 
was powered by the start-stop circuit of the Hamner scaler. An externally 
driven General Radio Company pulse generator, type 1217-B, converted 
pulses from the unijunction oscillator into pulses capable of driving the 
pulsed neutron logic unit. 
Operation of the Detection and Data Recording System 
Pressing the start button on the Hamner scaler enabled the monitor 
system to commence recording events and simultaneously started the uni-
junction oscillator which ultimately provided the system trigger input 
pulse to the pulsed neutron logic unit, initiating a data collection cycle 
of the primary data acquisition system. Eighty microseconds after the 
system trigger pulse, during which time backgrounds from both detectors 
were recorded, the logic unit provided a source trigger output pulse which 
triggered the neutron generator. A 90 Msec delay followed the 5 (isec 
neutron generator burst to allow some of the transients following the gen-
erator burst to die out. The logic unit then initiated 255 successive 
data measurements during each of which pulses from the amplifiers were 
counted for 40 jjiseconds, then stored in the appropriate memory channels 
38 
during a 10 |isec storage time. The entire data collection cycle was 
repeated at a rate determined by the unijunction oscillator until suffi-
cient data was recorded. Pressing the stop button on the Hamner scaler 
terminated the recording of events by the monitor system and interrupted 
the production of system trigger pulses by the unijunction oscillator. 
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CHAPTER IV 
EXPERIMENTAL PROCEDURES AND RESULTS 
This chapter describes the calibration of the equipment, details 
the preliminary and final experiments, and presents the measured decay 
cons tants. 
System Calibration 
The two primary data acquisition channels were calibrated for dead 
time and relative counting efficiency. Dead time was measured by the 
43 
method of Bierman et al. This approach was based on the fact that the 
system was limited as to the maximum number of events it could count in 
a given time interval, the time between each count in this non-paralyzable 
system being the dead time. This parameter is an important one since the 
count rate following the neutron generator burst is often as high as 
100,000 counts per second. 
.The Georgia Tech Research Reactor operating at 1 megawatt was the 
source of thermal neutrons for the dead time calibration. The two de-
tectors and preamplifiers were set up inside the biomedical facility; all 
other instrumentation was outside. With the instrumentation operated 
under actual experimental conditions the data collection system was cycled 
1000 times. The average of the first 100 data channels in each analyzer 
yielded a maximum count rate of 125,000 counts per second with a corres-
ponding dead time of 8 M-sec. 
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The relative counting efficiency of the two channels was measured 
252 using a 70.7 (J,gm Cf source inside a paraffin-filled 55 gallon drum. 
The detectors were placed side-by-side, one inch apart, tangent to the 
drum at the mid-plane. The data collection system was cycled 1000 times 
with the instrumentation operated under actual experimental conditions 
at very low count rates and the average of the first 100 data channels 
in each analyzer was used to measure the relative counting efficiency. 
One detection channel was found to be 1.006 times more efficient than the 
252 other. Because of the accessibility of the Cf source this efficiency 
calibration was checked after every other experiment. The relative effi-
ciency remained constant. 
Bubble Transit Time Measurement 
One parameter necessary for the determination of the void fraction 
of the central core region was the time required for a bubble to transit 
the height of the core. A bubble detector circuit, shown in Figure 41, 
was constructed and used in conjunction with a Hewlett-Packard Model 5216A 
12.5 MHz electronic counter in the time interval measurement mode to mea-
sure the transit time. The first bubble to leave a selected 1/4-inch hole 
in the bottom of a fuel tube provided a start pulse to the one MHz oscil-
lator internal to the counter. Upon breaking the surface of the water 
the bubble supplied a stop pulse. The value displayed by the counter was 
the bubble transit time for that depth of water. A 5 7/16 inch I. D. 
Plexiglas cylinder sealed at one end formed a water tank which permitted 
careful observation of the bubbles' behavior during the timing experiment. 
Two parallel, thin, 1/2 X 3/8 inch sheet-metal plates mounted on fiber 
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board 1/4 inch apart served as the detector. Two detectors were used, one 
mounted above the hole and the other just above the surface of the water 
positioned where the "average" bubble would appear. The application of 
compressed air to the fuel tube caused bubbles to emerge from the hole in 
the bottom of the fuel tube. The first one out of the hole passed between 
the parallel plates of the lower detector, changed the resistance of the 
path between the plates, and provided the start pulse. Upon reaching the 
surface, the bubble raised the local surface level enough to wet the upper 
detector plates and provided a stop pulse. The air was then turned off, 
the counter reading recorded, and the counter reset. For each water level 
this was repeated ten times. Three water levels were used: 9, 13.5, and 
18 inches (measured as the height of water above the center of the hole) . 
The results of the bubble transit time measurements are given in Table 1. 
The equation relating bubble transit time to water level was found to be 
T = 0.069 X H (40) 
where 
T = transit time in seconds 
H = height of water above hole in inches. 
The size of the bubbles emerging from the 1/4 inch hole was essentially 
constant as determined by visual observations. 
Light-Water Test Case 
As a final check on the performance of the data collection system 
the diffusion parameters, v£ and D , were measured for light-water. The 
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Table 1. Measured Transit Times for 9, 13.5, and 18 inch Water Levels 
Transit Time (Seconds) 






0.613 0.931 1.249 
0.621 0.912 1.238 
0.628 0.924 1.206 
0.623 0.926 1.228 
0.615 0.937 1.217 
0.628 0.925 1.260 
0.620 0.923 1.259 
0.624 0.932 1.222 
0.627 0.914 1.234 
0.628 0.935 1.218 
6.227 9.259 12.331 














experiment consisted of measuring the time-dependent neutron flux at four 
detector locations in a light-water sample. Harmonic analysis and curve 
fitting procedures were used to obtain the diffusion parameters from the 
experimental data. 
The Experiment 
The cadmium box used for this measurement was 19 1/2 X 20 1/4 X 24 
inches high. In order to minimize the number of neutron generator bursts 
44 
the experimental method used was that of Lopez and Beyster. This method, 
discussed in Chapter II, permitted the harmonic analysis of the time-
dependent axial flux. Four detector positions, equispaced along the ver-
tical center line of the core, were used. For this 24 inch high core the 
first detector location was 4.85 inches from the bottom of the box with 
the next detector location 4.85 inches above it and so on. These detector 
spacings actually sum to 24.25 inches as a result of adding twice the as-
sumed extrapolation distance of 0.13 inches to the core height. It is 
assumed that the neutron flux goes to zero at the boundaries of this en-
larged core. 
The detectors were bound together as shown in Figure 11 with their 
active volumes 4.85 inches apart. They were then inserted into the guide 
tube and positioned so that the centers of their active volumes were at 
the two lower detector locations when the guide tube was inserted along 
the vertical centerline of the core. Then, by moving the detectors to-
gether 9.70 inches upward, the remaining two detector locations could be 
accessed. The monitor detector, whose purpose was to measure the time-
integrated neutron generator output, was bagged in polyethylene and 
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fastened to the outside of the top of the cadmium box with the NE 421 
detector 16 inches below the surface of the water. 
With the two detectors in the lower position the assembly was 
pulsed 4000 times. The resulting data were then printed out, the monitor 
reading recorded and reset, and the detectors were moved to the upper po-
sition. The assembly was then pulsed again until the monitor reading was 
approximately the same as it had been previously (requiring only 2200 
bursts), at which time the generator was stopped and the data printed out, 
The tank was drained after every experiment. 
Data Reduction 
The raw data from the experiment were the result of measuring the 
neutron population as a function of time at four locations. Equations 
(34), (35), (36), and (37) in matrix notation became 
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Solving for B 
B = A_ 10 (42) 
where 

















Finally, the elements of B are related to the decay constants by the equa-
tion 
bn(tj.) = A(0) exp(-anti) . (43) 
A FORTRAN program for the Univac-1108 was written to obtain the 
decay constant from the raw data. This program corrected the data for 
background, dead time losses, differences in detector efficiency, and for 
monitor differences, yielding 0 of equation (41). Appendix A discusses 
these corrections. The matrix multiplication operation of equation (42) 
was then performed. At this point the b (t.) and the corresponding t. 
were ready to be least squares fit to equation (43). This was done fol-
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lowing the method of Bevington, taking the logarithms of both sides of 
equation (43) and fitting the results to a straight line. Appendix B 
discusses the curve fitting procedures. This was done to each of the four 
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sets of b (t.), with the values of the four a as the end result. In 
n 1 ' n 
addition, the technique of channel-dropping was employed to insure that 
each decay constant was free from modal contamination. With this, all in-
put data points were used in the determination of the a , then the earliest 
time channel was dropped and the remaining points were used to determine 
the a. . This dropping procedure was continued until only five channels 
remained in the fitting procedure. The program then output the ct and 
A(0) and their standard deviations for each fit. 
A second FORTRAN program accomplished a least squares fit of equa-
tion (32) to the Oi determined above and with the B.,, determined from 
N ' n lln 
equation (29) with e assumed equal to 0.13 inches as before. The results 
are depicted in Figure 13. The values of vZ and D appear quite reason-
able. The values vZ = 4924 ± 109 sec"1 and D* = 37955 ± 4740 cm2/sec 
a o 
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agree fairly well with the experimental values of Lopez and Beyster : 
vZ = 4761 ± 24 sec"1 and D = 37240 ± 400 cm2/sec, and with the theoret-
a o 
ical values of Clendenin : vE = 4886 sec 1 and D = 37970 cm2/sec. Our 
a o 
large error (±1 a) resulted from limited statistical accuracy due to min-
imizing the number of neutron generator bursts. If a v of 2.48 X 105 cm 
sec x was assumed, D was found to be 0.0603 inches. Since the extrapola-
tion length, e, is approximately 0.7104 X 3D, the previously assumed value 
of 0.13 inches was correct. The above results indicated that the data 
collection system was functioning properly. 
Multiplying Medium and Void Experiments 
Upon satisfactorily completing the testing of the data collection 
system, the measurement of the multiplying medium parameters was begun. 
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Figure 13. Decay Constants of the Light-Water Test 
Assembly as a Function of S t a r t i n g Channel. 
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First, however, the void fraction of the central region had to be known 
accurately if the assembly was to be successfully modeled at a later date. 
Determination of Void Fraction 
The central region consisted of twenty-two fuel tubes plus the cen-
tral detector guide tube. For the maximum core height of 33 1/2 inches 
(4 fuel slugs) the maximum fluid volume of the central region was 0.569 
ft . The volume of the void, when the compressed air was flowing, was 
given by 
Void Volume (ft3) = Flow Rate (ft3/min) X Bubble Transit Time (min) (44) 
where the flow rate was registered by the flow meter and the bubble transit 
time was, from equation (40), .0373 min. Dividing the void volume by the 
maximum fluid volume of the region, the void fraction of the region was 
arrived at: 
Void Fraction = 6.558 X 10~2 X Flow Rate (ft3/min) (45) 
The void fraction defined in this way was simply the fraction of moderator 
removed from the region. The flow rate could be easily calculated from 
equation (45) to produce the desired void fraction. This flow rate was, 
in addition, independent of core height because the numerator (through 
bubble transit time) and the denominator (through volume) both contain the 
height as a common factor. However, since bubbles increase in volume upon 
rising it was important to have the desired flow rate be the average flow 
rate; which was the flow rate measured at the horizontal mid-plane of the 
core. Thus, the flow rate of equation (45) was the flow rate at the pres-
sure of the core midplane. Through the relationship 
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P0 - P = w(h9 - h,) , (46) 
where 
P. = pressure at height i 
h. = fluid height i 
1 
w = specific weight of fluid (62.4 lb/ft3) , 
the mid-plane pressure was calculated. Then using 
v2p2 
Vl = -y- , (47) 
where 
0 
V — volumetric flow rate at atmospheric pressure 
o 
V„ = volumetric flow rate at pressure P„ 
P = atmospheric pressure (14.7 psia) 
P« = midplane pressure , 
the flow rate of equation (45) was converted into a standard flow rate in 
units of standard cubic feet per minute, assuming negligible temperature 
effect, 
o 
The flow meter was calibrated at 14.7 psia and 70 F, i.e., at 
standard conditions. Since the flow meter was upstream from the exit 
holes at the bottom of the fuel rods, the pressure at which the compressed 
air was metered was approximately that of the bottom of the core. Equa-
tion (46) was used to determine the pressure of the metered gas and the 
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appropriate correction factor was used to determine the correct flow 
meter reading. The results of these calculations are shown in Table 2. 
Table 2. Corrected Flow Rate as a Function of Core Height and Void Fraction 
Core Void Flow Rate Midcore Standard Bottom Meter Flow Rate Flow Rate 
Height Fraction From Eq. (45) Pressure Flow Rate Pressure Correction At Meter At Meter 
(inches) (ft3/min) (psia) (scfm) (psia) Factor (scfm) (Percent) 
(Divide By) 
3 2 . 5 0 .40 6 .100 15 .30 6 .349 15 .9 1.04 6 .06 5 4 . 5 
3 2 . 5 0 . 5 0 7 .624 15 .30 7 .935 15 .9 1.04 7 .60 6 8 . 5 
3 2 . 5 0 .60 9 .149 15 .30 9 .522 15 .9 1.04 9 .13 8 2 . 2 
24 .125 0 .50 7 .624 15 .15 7.857 15.6 1.03 7.60 6 8 . 5 





In order to gain some experience with multiplying media, two core 
configurations were pulsed. The x-y dimensions were fixed as described 
in Chapter II, and z was varied by the addition of one fuel slug and cor-
responding moderator height from 16 3/4 to 25 1/8 inches. Detectors were 
equally spaced along the z axis (see Figure 14). For each configuration 
both central-voided and non-voided assemblies were pulsed 5000 times at a 
rate of two pulses per second. The results, corrected for background, 
dead time, and relative detector efficiency, are shown in Figures 15-18. 
One feature consistently demonstrated by these four figures is that early 
in time the lower detector measures a flux greater than the upper detector, 
then quickly drops off to a lower flux level. Ideally, detectors symme-
trically placed about the center of the core should measure the same flux 
level during asymptotic decay. Figure 18 is the only one to demonstrate 
this. Another feature is that there is very little harmonic content 
present; the fundamental appears in less than 1 msec. The fundamental 
decay constants which resulted from the fitting of a single exponential to 
each of the decay curves in Figures 15-18, utilizing channel dropping, 
are shown in Figures 19 and 20. The fundamental decay constant is deter-
mined from the graphs in Figures 19 and 20 as being the value of the decay 
constant that is approximately constant over a number of starting channels. 
The absence of a constant region on a graph indicates that the fundamental 
decay mode was not attained before the neutron population measured by the 
detector decayed to the background level. From Figures 19 and 20 it ap-
pears that the upper detector realized fundamental decay before the lower 
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Figure 15. Time Spectra for the Non-Voided l6 3A Inch Core 
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Figure 17. Time Spectra for the Non-Voided 25 1/8 Inch Core 
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Figure 19. Decay Constant of the l6 3A Inch Core as 
a Function of S t a r t i n g Channel for the SO 
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Figure 20. Decay Constant of the 25 1/8 Inch Core as 
a Function of S t a r t i n g Channel for the 50 
Percent Voided and Non-Voided Cases. 
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detector and that even with the statistical precision which resulted from 
minimizing the number of neutron generator bursts the fundamental decay 
constant can be measured to within five percent for the worst case. How-
ever, it was decided to further investigate the flux behavior in the core. 
Time-. Space-y and Energy-Dependent Flux Measurements 
To investigate the flux behavior, the four fuel slug core was used. 
It was filled with water to a height of 33 inches. An axial flux trans-
verse was made with ten detector locations three inches apart, starting 
3 
three inches from the bottom of the core. The two He detectors were con-
nected, as in the light-water case, 15 inches apart. In this manner, the 
lower detector could measure the flux at one of the five lower core de-
tector positions while the upper detector could measure the flux at: one 
of the five corresponding upper core detector positions depending upon the 
positioning of this detector unit in the guide tube. Two axial traverses 
were made: one with the detectors bare, the second with the active volume 
of the detectors cadmium covered. For each detector unit position the 
core was pulsed 500 times; no voids were used. The resulting data were 
corrected for background, dead time, relative detector efficiency, and 
normalized to the maximum monitor value. Figure 21 shows the bare detec-
tor count rate as a function of position and time after the neutron gen-
erator pulse, Figure 22 shows the cadmium covered detector results, and 
Figure 23 shows the difference between the two. Statistical fluctuations 
in the data resulting from the low number of pulses are evident. However, 
Figures 21 and 23 show well-behaved asymptotic flux decay in the upper 
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Since this was not expected, it was decided to reexamine the flux behav-
3 
ior in the lower half of the core. The He detectors were bound together 
six inches apart and the four lower detection positions were used. Again, 
two axial traverses were made; this time on the first traverse the lower 
detector was bare and the upper covered and vice-versa on the second tra-
verse. This procedure minimized the amount of cadmium in this region with 
so close a detector spacing. In addition, this axial four position mea-
surement was repeated outside the cadmium box core, in what has been re-
ferred to as the room return shield. It was anticipated that the cadmium 
box would decouple the core from this shield as far as the thermal flux 
was concerned. Each measurement was the result of 250 neutron generator 
bursts. Figure 24 shows the corrected bare detector count rate in the 
core as a function of position and time after the neutron generator pulse, 
Figure 25 shows the corrected cadnn.um covered detector results for the 
core, and Figure 26 shows the difference between the two. Similarly, 
Figures 27-29 show the corrected results of the measurements made in the 
shield. Figures 24 and 26 still exhibit the rapid die-away of the thermal 
and total flux in this region. Figures 28 and 29 show epicadmium and 
thermal peaking in the lower half of the reflector. 
As a result of these measurements it was decided to use the flux 
in the upper half of the core to characterize the neutron die-away. 
49 
Judge and Daitch calculated the time-, energy-, and space-dependent flux 
in a pulsed multiplying water-moderated system and observed a similar spa-
tial flux asymmetry. It is attributed to the fact that the pulsed neutron 
source is not symmetric within the system, thereby giving rise to spatial 
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Figure 25. Cadmium Covered Detector Response as a 
Function of Time and Position Along the 
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Figure 27. Bare Detector Response as a Function of Time and 
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Figure 28. Cadmium Covered Detector Response as a Function 
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Figure 29. Difference Between Bare and Cadmium Covered 
Detector Responses as a Function of Time and 
Position in the Shield of the 33 Inch Core. 
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The Concluding Experiments 
The previous experiments demonstrated that the technique of har-
monically analyzing the axial flux was unfeasible due to the absence of a 
well-defined traveling wave. This resulted in the decision to use the 
classical technique of pulsed neutron data analysis. The resulting exper 
imental plan was to measure the decay constants as a function of core 
height, then to void fifty percent of the water in the central fuel, re-
gion and to remeasure the decay constants as a function of core height. 
In addition, the decay constants at the maximum core height were to be 
measured for forty and sixty percent centrally voided moderator. These 
measurements would permit comparison with predictions of the decay con-
stants as a function of buckling and as a function of void fraction. 
The core heights used in these experiments were 21, 29, and 33 1/2 
inches. The 21 and 29 inch cores consisted of three and four fuel slugs, 
3 
respectively, with the moderator level defining the core height. The He 
detectors were placed 14 and 17 inches from the bottom of the core for 
these experiments. The void fractions were determined by the flow rates 
of Table 2. Each decay constant measurement used 2500 neutron generator 
bursts. The resulting data were corrected for background and dead time, 
the two detector results summed to improve statistical accuracy, and the 
results least squares fit to a single exponential by channel dropping. 
The results of this series of experiments are shown in Figures 30-33. 
These figures reflect the effect of minimizing neutron generator bursts 
through their wavy appearance. Nevertheless, portions of each curve ap-
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Figure 30. Decay Constant of the 21 Inch Core as a 
Function of Starting Channel for the 
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Figure 31. Decay Constant of the 29 Inch Core as a Function of S t a r t i n g 
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Figure 32. Decay Constant of the 33 1/2 Inch Core as a Function of S t a r t i n g 
Channel for the 50 Percent Voided and Non-Voided Cases. 
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Figure 33. Decay Constant of the 33 1/2 Inch Core as a Function of Starting 
Channel for the ^0 and 60 Percent Voided Cases. 
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Summary of Results 
Figures 19, 20, 30, 31, 32, and 33, together with the computer 
printout containing the standard deviation of each decay constant for each 
starting channel, were used to determine the decay constant representative 
of each experiment. The criterion for choosing the decay constant was to 
select that decay constant whose standard deviation was sufficient to 
represent all decay constants lying along the asymptotic portion of the 
curve. This technique led to a large "error bar" associated with the 
decay constant, but one could be reasonably sure that the true decay con-
stant lay within that error bar. The only exception to this was the 16 3/4 
inch core with no voids (Figure 19) where a lack of a well-defined asymp-
totic region required the averaging of decay constants over channels 22-28. 
The error associated with this decay constant was chosen to be sufficiently 
large to encompass all reasonable experimental values. The results of the 
experiments are summarized in Table 3. 
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16.75 7532 + 300 0.50 8101 ± 144 
21.00 6883 + 127 0.50 7460 ± 121 
25.125 6361 + 144 0.50 7014 + 155 
29.00 6093 + 183 0.50 6603 + 140 
33.50 5975 + 158 0.40 6254 ± 125 
33.50 5975 + 158 0.50 6300 ± 152 
33.50 5975 ± 158 0.60 6796 ± 147 
All measurements made at 21-•22 C. 
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CHAPTER V 
ANALYTICAL PROCEDURES AND RESULTS 
To compare the measured effects with their calculations, it was 
necessary to obtain the lattice parameters that accurately characterized 
the subcritical assembly. These parameters are influenced by the space-
and energy-dependent neutron spectrum. Cell calculations were performed 
to obtain energy spectrum weighted cross sections; core calculations were 
made to obtain cross sections spatially weighted over the core. 
Cell Parameters 
The computer programs TEMPEST II, THERMOS, and EXTERMINATOR-2 were 
used to create thermal cell parameters; FORM and EXTERMINATOR-2 were used 
to obtain the fast cell parameters. Four cells, corresponding to 0, 40, 
50, and 60 percent voiding of moderator, were used. The hexagonal cell, 
which was the actual lattice geometry, was converted to a cylindrical 
cell having the same volume. Input requirements for TEMPEST II, which 
calculates the thermal neutron flux spectra in the cell using several 
different scattering kernels and then provides microscopic and macroscopic 
cross sections averaged over those spectra, required that the cell be 
homogenized. The homogeneous problem was run and both the macroscopic 
and microscopic cross sections, weighted by the spectrum of the Wilkins 
heavy moderator kernel, were the output obtained. One parameter required 
for input was buckling, a somewhat ill-defined quantity. The following 
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method was used to determine buckling. The height of the cell was chosen 
to be the average of those used experimentally, 25 1/8 inches. No net 
leakage across a cell side boundary was assumed; only end leakage was per-
mitted. Therefore: 
*2 - fe)2 • <48> 
Initially, a guess was made of D, the diffusion coefficient. Then, the 
following relations were used 
X = 3 . D (49) 
tr 
e = 0.7104 \ (50) 
tr v ' 
where 
X = transport mean free path 
e = extrapolation distance. 
Finally B2 was determined, TEMPEST II run, and the output parameter D was 
compared to the one used to determine the buckling. An iteration process 
was used until the initial and final D's agreed. This technique was ap-
plied to each of the four cases and yielded parameters that were consis-
tent with the leakage. 
Two sets of thermal cell parameters were developed from the output 
of TEMPEST II. The first set was the macroscopic parameters directly cal-
culated by TEMPEST II, representing the homogeneous cell. The second set 
utilized the microscopic cross sections in an attempt to account for the 
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spatial variation of the flux across the actual heterogeneous cell. 
The thermal microscopic cross sections were used to simulate a 
two-region cell resembling a fuel rod. The inner region contained natural 
uranium, the outer contained homogenized cladding, fuel rod wall, water, 
and void. EXTERMINATOR-2, a multigroup, multiregion, two dimensional 
diffusion program, was used to determine the spatial flux distribution in 
the cell. The two-group, two-region, r-z geometry problem was run for 
each of the four void conditions with no return-current boundary condi-
tions for the side of the cell and the zero flux condition at the top and 
bottom boundaries. The regionwise average flux, calculated by 
EXTERMINATOR-2, was used to weight the cross sections in each region as 
- s A v i + Wz 
Z - • J ^ - -r — (51) 
where 
S = flux weighted cross section 
0. = average flux in region i 
V. = volume of region i 
Z. = cross section of region i. 
Thus, the cross sections in this set resulted from homogenizing the cell, 
determining the thermal neutron spectrum, spectrum weighting the micro-
scopic cross sections, reconstructing the heterogeneous cell using 
spectrum-weighted cross sections, determining the space dependent flux, 
and finally flux weighting the cross sections. 
A third set of thermal cross sections was obtained from THERMOS. 
80 
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THERMOS computes the scalar thermal neutron spectrum as a function of 
position in a heterogeneous cell by solving the integral transport equa-
tion and provides thermal spectra and flux averaged cross sections. It 
was used to directly produce the cell averaged cross sections. The ver-
sion used required that a three region problem be run: (1) fuel in the 
central region, (2) clad, void space and fuel tube homogenized, and (3) 
water plus bubbles homogenized. The cell averaged neutron velocity, v, 
was directly calculated by THERMOS and calculated from TEMPEST II by 
J 0(E)dE 
v = K -j. (52) 
I n(E)dE 
where 
0(E) = energy dependent thermal flux 
n(E) = energy dependent thermal neutron density 
K = 2.482 x 103, a dimensionless proportionality constant. 
The three sets of thermal cell parameters appear in Table 4. 
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FORM, which calculates the multigroup slowing down spectrum and 
provides fast microscopic and macroscopic few group parameters, required 
the cell to be homogenized. Therefore, the same approach used with 
TEMPEST II was used with FORM. The diffusion coefficient iteration 
scheme was utilized to determine a buckling consistent with output par-
ameters and two sets of one-group fast parameters were developed. The 
L-factor, required as input for each resonance absorber, is defined as 
(RI)HET 
L = TRIT (53) 
(RI)H0M 
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Table 4. Summary of Thermal Group Cell Parameters 
Void Parameter TEMPEST I I TEMPEST I I THERMOS 
Frac t ion Homogeneous Heterogeneous 
0 . 0 D (cm) 0.32280 0.27563 0.26679 
0 . 0 \ < 
cm ) 0.08793 0.07566 0.07035 
0 . 0 v 2 f (cm ) 0.10350 0.08671 0.07752 
0 . 0 v (m/s) 3125. 2997. 
0.40 D 0.50950 0.47163 0.42637 
0.40 
a 
0.07658 0.06946 0.06364 
0.40 v S f 0.09298 0.08361 0.07444 
0.40 V 3422. 3221. 
0.50 D 0.59140 0.56502 0.49749 
0.50 
a 
0.07270 0.06688 0.06130 
0.50 V S f 0.08889 0.08136 0.07271 
0.50 V 3576. 3324. 
0.60 D 0.70190 0.69740 0.59419 
0.60 f 
a 
0.06805 0.06350 0.05845 
0.60 v £ f 0.08373 0.07796 0.07023 
0.60 V 3785. ___ 3470. 
where 
(RI)..^ = heterogeneous resonance integral 
Hiil 
(Rl)^.. = homogeneous resonance integral. 
HOM 
238 54 
The homogeneous resonance integral for U was calculated from 
<RI>HOM - 2 - 6 9 ( r ) ° - 4 ( 5 4 ) 
where 
S = macroscopic scattering cross section of homogeneous cell 
s 
N = atom density of resonance absorber. 
o ' 
238 5 5 
The heterogeneous resonance integral for U was calculated from 
(RI)HET = d[5.23 + 26.6 * /sftt ] (55) 
where 
d = Doppler factor 
D __ = effective Dancoff correction 
eff 
238 
S/M = surface to mass ratio of U in fuel. 
Reference 55 states explicitly how to calculate (RI) . The L-factor 
niil 
238 
for U was calculated for the 0, 40, 50, and 60 percent voided modera-
235 
tor cells. The L-factor for U was chosen as 0.995 because it was very 
c /> •} in 
dilute. The L-factors for U were calculated to be 0.478, 0.605, 
0.652, and 0.713 for the 0, 40, 50, and 60 percent cases, respectively. 
The first set of fast parameters consisted of the macroscopic par-
ameters directly calculated by FORM representative of the homogenized cell 
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The second set resulted from flux weighting the microscopic cross sections 
with the results of the two-region EXTERMINATOR-2 problem which was pre-
viously described. One parameter which had to be approximated was the 
microscopic removal cross section for each element. This was done in the 






S = - -E7- (56) 
where 
€2 = ) N.S.a. (57) 
I 
J.-U 
N. = atom density of the i isotope in the homogenized cell 
^. = average logarithmic energy decrement of the i isotope 
a. = microscopic scattering cross section of the i isotope 
E = average initial energy of neutrons 
E = energy at the bottom of the fast group. 
The macroscopic removal cross section and the fast spectrum weighted 
^.a. are calculated by FORM; the atom densities N. are known input par-
ameters. Thus, In E /E, representative of the homogenized cell spectrum 
was calculated. The microscopic removal cross section for each isotope 
was calculated as 
(5.a.) 
r 1 1 of = — ~ - (58) 
i rE -, 
4f] 
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where both terms on the right hand side are known. To create macroscopic 
cross sections for the two regions In the heterogeneous cell, the rela-
58 
tionship used was 
2j = ) N-? o\ (59) 




N. = atom density of the i isotope in region j 
E = macroscopic removal cross section in region j. 
The two sets of fast parameters appear in Table 5. 
Lattice Parameters 
The lattice parameters were developed using combinations of the 
cell parameters and EXTERMINATOR-2. The subcritical assembly core was 
rectangular, so a cylindrical core of equal volume was input into a two-
region, two-group, r-z EXTERMINATOR-2 calculation. The central region 
contained the 0, 40, 50, or 60 percent voided cell parameters depending on 
which experiment was being duplicated; the outer region contained only the 
zero percent void parameters. Four experimental void cases were studied: 
0, 40, 50, and 60 percent voiding of moderator in the central region; 
the computer study to be described next relates to these void experiments. 
Each of the four void situations was represented with the three sets; of 
cell parameters: homogeneous TEMPEST II-homogeneous FORM, heterogeneous 
TEMPEST II-heterogeneous FORM, and THERMOS-heterogeneous FORM. 
The two-region, two-group average fluxes calculated by EXTERMINATOR-
2 were used to weight the cell parameters by means of equation (51) to 
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Table 5. Summary of Fast Group Cell Parameters 
Void Parameter FORM FORM 
Fraction Homogeneous Heterogeneous 
0.0 
f 
D (cm) 1.17947 0.99994 
0.0 Er (cm"
1) 0.02163 0.02142 
0.0 Ef (cm"1) 
a 0.01147 0.01168 
0.0 vZf (cm"
1) 0.00652 0.00664 
0.40 Df 1.46952 1.28158 
0.40 
\ 0.01115 0.01110 
0.40 < 0.01099 0.01110 
0.40 vEf 0.00592 0.00587 




0.50 < 0.01079 0.01087 
0.50 vEf 0.00569 0.00573 
0.60 Df 1.68552 1.49206 
0.60 E r 




0.60 vEf 0.00540 0.00543 
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produce the lattice parameters characteristic of the subcritical assembly, 
59 
The age to the thermal group, T, was then calculated from 
T = — z (60) 
£ + 2 r a 
where 
f 
D = fast diffusion coefficient 
2 = macroscopic removal cross section 
r 
f 
S = fast absorption cross section. 
a r 
In addition, the infinite multiplication factor, k , was obtained from 
the effective multiplication factor, output by EXTERMINATOR-2, by 
kco = keff (* + f~̂  
where 
B - \^u.) + ^-^r) (62) 
e = 2.1312 D 
H = height of computer model core 
R = radius of computer model core 
D = thermal diffusion coefficient, dependent on void fraction 
Z = thermal macroscopic absorption coefficient of the core 
a 
k -.„ = effective multiplication factor of the model. 
eff 
The core averaged thermal velocity was determined from 
- *1V1 + 02V2 
v * - ~ - -- , (63) 
nlVl + n2V2 
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where 
0. = average thermal flux in region i 
V. = volume of region i 
n. = neutron density of region i. 
The resulting final lattice parameters pertaining to decay constant pre-
diction appear in Table 6. 
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Table 6. Pertinent Lattice Parameters of the Subcritical Assembly 
Void Parameter TEMPEST /FORM TEMPEST/FORM THERMOS/FORM 
Fraction Homogeneous Heterogeneous Heterogeneous 
0.0 X (cm"1) 
a 
0.08793 0.07566 0.07035 
0.0 D (cm) 0.32280 0.27563 0.26679 
0.0 k 
00 
1.00931 0.97555 0.94691 
0.0 T (cm2) 35.63 30.21 30.21 
0.0 v (m/s) 3125. * 3125. 2997. 
0.40 
a 
0.08266 0.07273 0.06721 
0.40 D 0.38903 0.34303 0.32334 
0.40 k 
00 
0.94231 0.91242 0.89009 
0.40 T 43.85 37.46 37.41 




a 0.08008 0.07104 0.06564 
0.50 D 0.42142 0.37748 0.35171 
0.50 k 
00 
0.92844 0.89748 0.87619 
0.50 T 46.96 40.23 40.14 
0.50 V 3342. 
* 
3347. 3159. 
0.60 ^a 0.07651 0.06850 0.06341 
0.60 D 0.46801 0.42815 0.39309 
0.60 k 
CO 
0.92030 0.88748 0.86674 
0.60 T 50.83 43.68 43.54 
0.60 V 3473. 
* 
3483. 3256. 
This value is the TEMPEST homogeneous v weighted with the TEMPEST/ 
FORM heterogeneous flux. 
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CHAPTER VI 
DISCUSSION OF ANALYTICAL AND EXPERIMENTAL RESULTS 
The decay constants of the various configurations and void 
fractions of the subcritical assembly constitute the experimental results 
and appear in Table 3. The analytical results, consisting of the lattice 
parameters, were presented in Table. 6. To achieve a useful comparison, 
the lattice parameters were converted to decay constants by means of 
equation (23) which can be written as 
c*o(B
2) = v [Sa + D B
2 + 2 a (1-F) k^ exP(-B
2T)] (64) 
where the various parameters are given in Table 6, except for (3 which is 
assumed equal to 0.0065 and B2 which was determined from 
*2 - (sb)2 + (sk)2 + (sb)2 «») 
where H, W, L = height, width, and length of the core, and 
e = 2.1312 D. 
The predicted decay constants for the non-voided case appear in Table 7; 
those for the voided cases in Table 8. These values are significantly 
greater than those in Table 3. The THERMOS/FORM heterogeneous predic-
tions and the experimental results are presented graphically in Figures 
34 and 35. The straight lines in these figures show that the decay 






TEMPEST/FORM Heterogeneous THERMOS/FORM Heterogeneous 
.2 _/_ .. ^2 
Core TEMPEST/FORM Homogeneous 
Height B2 a/v & B* a/v a B* a/v a 
(in.) (cm ) (cm ) (sec ) (cm ) (cm ) (sec ) (cm ) (cm ) (sec ) 
0.013197 0.037095 11592 
0.011378 0.032817 10255 
0.010403 0.030425 9508 
0.009834 0.028995 9061 
0.009401 0.027890 8716 
0.013311 0.030278 9462 
0.011468 0.026962 8426 
0.010484 0.025126 7852 
0.009910 0.024032 7510 
0.009473 0.023191 7247 
0.013332 0.029666 8891 
0.011485 0.026635 7983 
0.010499 0.024957 7480 
0.009924 0.023959 7181 
0.009487 0.023191 6950 




Void TEMPEST/FORM Homogeneous 
a/v 




(cm i) (sec l) 
B2 of/v a 
(cm"2) (cm"1) (sec"1) 
B3 a/v a 
(cm"2) (cm"1) (sec"1) 
16.75 0.50 0.012965 0.045364 15161 
21.00 0.50 0.011192 0.041127 13745 
25.125 0.50 0.010238 0.038724 12942 
29.00 0.50 0.009679 0.037273 12457 
33.50 0.40 0.009301 0.034810 11334 
33.50 0.50 0.009253 0.036146 12080 
33.50 0.60 0.009184 0.036947 12832 
0.013068 0.038527 12895 
0.011274 0.035048 11731 
0.010311 0.033094 11077 
0.009747 0.031922 10684 
0.009370 0.029532 9624 
0.009318 0.031015 10381 
0.009243 0.032121 11188 
0.013129 0.036522 11537 
0.011323 0.033351 10536 
0.010354 0.031573 9974 
0.009788 0.030507 9637 
0.009400 0.028438 8810 
0.009357 0.029682 9377 
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Figure 3k. Experimental and THERMOS/FORM Pred ic ted Decay Constants as a 
Function of Buckling for the Non-Voided Case. 
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Figure 35. Experimental and THERMOS/FORM Predicted 
Decay Constants as a Function of Buckling 
for the 50 Percent Voided Case. 
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constant for the non-voided case appears to be a linear function of buck-
ling. For the 50 percent void case, the experimental decay constant ap-
pears less well-represented by a linear function of buckling. Ideally, 
the predicted and experimental curves should agree in each case. In the 
Introduction, it was pointed out that the effect of diffusion cooling is 
large for pulsed multiplying media. For non-multiplying media this ef-
fect is corrected by subtracting the term CB4 as shown in equation (11). 
This method was applied to our multiplying media findings as 
a . , = a ,. _ , - CB4 . (66) 
experimental predicted v ' 
A least squares fit of a straight line was made to the difference between 
the experimental and THERMOS/FORM heterogeneous decay constants as a 
function of B4 for both the non-voided and 50 percent voided cases. The 
value of C was found to be 9.256 ± 0.616 X 106 cm4/sec for the non-voided 
case and 2.483 ± 0.068 X 107 cm4/sec for the voided case. The results of 
applying these corrections are shown in Table 9. The corrected decay 
constants for the non-voided case are in good agreement with the corres-
ponding measured decay constants; the corrected voided decay constants 
are not. In order to further improve the agreement between prediction 
and measurement, a quadratic equation was subtracted from the THERMOS/FORM 
heterogeneous decay constants and equation (66) became 
"experiment predicted (67) 
Table 9. Comparison Between Experimental Decay Constants and THERMOS/FORM Predicted 
Decay Constants Using CB4 and Quadratic Corrections 
Non-Voided Cases Voided I Cases 
Core CB4 Quadratic Experimental Void CB4 Quadratic Exper: Lmenta 
Height Correction Correction Non-Voided Fraction Correction Correction Voided 
(in.) a(sec 1) a(sec 1) a(sec - 1 ) a(sec
 1) a(sec x) a(sec 1) 
16.75 7246 7574 7532 + 
* 
300 0.50 7258 8097 8101 ± 144 
21.00 6762 6845 6883 + 127 0.50 7353 7480 7460 ± 121 
25.125 6460 6409 6361 + 144 0.50 7313 6968 7014 ± 155 
29.00 6269 6141 6093 + 183 0.50 7259 6611 6603 ± 140 
33.50 6117 5929 5975 ± 158 0.40 6616 5748 6254 ± 125 
33.50 6117 5929 5975 + 158 0.50 7203 6300 6300 ± 152 
33.50 6117 5929 5975 + 158 0.60 7830 6900 6796 ± 147 
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Figure 36. Experimental and THERMOS/FORM Predicted Decay Constants as a 
Function of Buckling for the Non-Voided and 50 Percent Voided 




A least squares fit of a quadratic was made to the difference between the 
experimental and theoretical decay constants as a function of B2 for both 
the non-voided and 50 percent voided cases. The values of the coeffi-
cients were found to be a = 1.535 x 103 /sec, b = -1.476 X 105 cm2/sec, 
and c = 9.843 X 106 cm*/sec for the non-voided case and a = 9.247 X 103 / 
sec, b = -1.202 X 106 cm2/sec, and c = 5.785 X 107 cm4/sec for the voided 
case. The results of applying the quadratic corrections are shown in 
Table 9. The corrected decay constants are in good agreement with the 
experimental decay constants for the non-voided and 50 percent voided 
cases. The 60 percent voided case shows good agreement; the 40 percent 
voided case fair. The presence of bubbles in the moderator causes neu-
tron streaming. This streaming, along with diffusion cooling, is not 
accounted for by the nuclear programs when the voids are homogenized with 
the moderator. It is believed that this causes the decay constant correc-
tion to be more complex than -CB4. Figure 36 compares the results of 





The decay constants of a light-water-moderated subcritical assembly 
have been measured for both voided and non-voided systems. These results 
appear in Table 3. As expected, larger void fractions result in more 
rapid asymptotic decay. These decay constants have been predicted using 
lattice parameters determined by three models which were denoted as 
TEMPEST/FORM homogeneous, TEMPEST/FORM heterogeneous, and THEHMOS/FORM 
heterogeneous. These results appear in Tables 7 and 8. The TEMPEST/FORM 
heterogeneous and the THERMOS/FORM heterogeneous models provide consis-
tent values. These results also demonstrate the limited ability of the 
three models to predict the experimentally determined decay constants. 
The THERMOS/FORM heterogeneous model provides the best agreement with 
measurement. This model overestimates the decay constants for the non-
voided case by approximately 115 percent and the decay constants for the 
voided case by approximately 140 percent. It is believed that the mea-
sured decay constants are well within five percent of their true values. 
This error arises from the statistical nature of the data. The error as-
sociated with the decay constants can effectively be made as small as de-
sired by the continued pulsing of the sample and the collection of large 
amounts of data. It is felt that the error associated with the decay 
constants in this work is of a sufficiently small magnitude that the con-
clusions drawn between experiment and prediction are independent of this 
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error. 
From the data contained in Figures 34 and 35, it is observed that 
the a. (B2) curves generated by the experimental and predicted decay con-
stants differ in absolute magnitude and appear to have different slopes. 
One then concludes that the measured decay constants were affected by a 
spectrum cooling. In a pulsed neutron experiment the preferential leakage 
of higher energy neutrons softens the energy spectrum. The addition of 
bubbles to a sample amplifies this preferential leakage effect and, in 
addition, may introduce streaming which favors the leakage of higher 
energy neutrons, also resulting in spectral softening. It is this spec-
tral cooling effect which is not accounted for by the nuclear analysis 
programs used in this work. These programs actually show the energy spec-
trum hardening with increasing void fraction in exact opposition to the 
conclusion given here. This anomaly is a result of the void as represented 
in the nuclear analysis programs decreasing the density of the water mod-
erator, making it a less effective thermalizer. As a consequence, the 
spectrum hardens as the water loses its effectiveness. 
The results of the conventional method of treating diffusion cool-
ing, by using -CB4, appear in Table 9. It is seen that this conventional 
treatment is applicable to the non-voided case, but fails in the 50 per-
cent voided case. This failure is most likely due to effects arising 
from the neutron streaming. In order to improve the agreement between 
prediction and measurement, a quadratic equation, equation (67), was used 
in place of the term -CB4 and these results also appear in Table 9. These 
findings are graphically compared to experiment in Figure 36 and good 
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agreement between the measured and predicted decay constants is seen. 
The complexity of this fitting function indicates that perhaps several 
of the lattice parameters for the voided case are inaccurate as a result 
of homogenizing the voids. 
The space-, energy-, and time-dependent neutron flux was investi-
gated and the results appear in Chapter III. The asymptotic flux shape 
along the vertical centerline of the core was found to be asymmetric. 
This asymmetric flux shape was attributed to the presence of higher space 




Several extensions of this work, varying in degree of difficulty, 
could be undertaken. Repeating the experiment using a neutron genera-
tor with greater yield, higher allowable pulse rate, and increased neu-
tron production lifetime, would increase the statistical accuracy of the 
measured decay constants. The experimental portion of this thesis., con-
sisting of the measurement of the decay constants of the voided and non-
voided cores, and the investigation of the space-, energy-, and time-
dependent neutron flux,required 47,428 neutron generator bursts, a sig-
nificant fraction of the total yield of the sealed-tube source. The use 
of two detector systems allowed the decay constants to be determined to 
within five percent. 
If, in addition to increasing accuracy many values of B2 were used, 
equation (23) could be least-squares fit to the data by the methods of 
Bevington. This would permit direct measurement of vZ , vD, (l-3)k , 
and T. Also, a lattice more representative of current power reactor de-
signs might be used, perhaps borrowed from a vendor of pressurized water 
reactors. 
A thorough investigation of the space-, energy-, and time-dependent 
distribution of neutrons following a burst might lead to an interesting, 
more completely developed explanation of the behavior of the flux in the 
lower half of the core. 
102 
Another very interesting topic of research along these same lines 
would be the measurement and prediction of the effects of voids on the 
anisotropy of the diffusion parameters. This would require the capability 
of pulsing the core from the side in addition to pulsing from the bottom. 
The decay constant in this case would take the form: 
_ -B2T,_ -B2T 
a (B2,B2) = vS + vD, B2 + vD B2 - vL (l-3)e r e Z (68) 
o z r a i z i r a 
as detailed in Appendix E, where the subscripts denote neutron transport 
parallel and perpendicular to the fuel rods. Predictions of the result-
26 ? 7 1̂ 
ing parameters could be based on the works of Behrens and Benoist. ' 
A theoretical treatment of the diffusion cooling effect of pulsed 
multiplying assemblies would be a valuable and much needed contribution 





DETAILS OF DATA REDUCTION 
The raw data were corrected for background, dead time, differences 
in detector efficiency, and sometimes monitor normalization, depending on 
the particular experiment. Background was defined as the average number 
of counts in channels 51-75 and was subtracted from each channel used in 
the analysis of the time dependent neutron decay. The first channel used 
was the third or fourth channel preceding the channel containing the maxi 
mum number of counts and the last channel used was the one containing 
about twice background. For the preliminary experiments on light-water 
and on the energy measurements in the reflector, background was always 
found to be zero. 
The dead time correction was then applied to the background cor-
rected data and was 
BC 
™ = — BC X T „ (A-« 
eff 
where 
DC = dead time corrected counts per channel 
BC = background corrected counts per channel 
T nr — effective dead time, 
eff 
The effective dead time is 
_ 8.2 usee 
Teff ~ ACW X NB (A-2) 
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where 
ACW = analyzer channel width (40 |isec) 
NB = total number of neutron generator bursts for a given data 
collection cycle. 
Next, the data from the less efficient detector channel were multi-
plied by the correction factor, whose value as determined by the method 
described in Chapter II was 1.006. 
Lastly, when necessary, the monitor normalization correction was 
made. The neutron generator output per burst did vary, through variation 
in gas pressure and target burnup, and the events recorded by the monitor 
system were directly proportional to the generator output. As a result, 
by multiplying the data corresponding to the lesser monitor reading by 
the quotient of the greater monitor reading divided by the lesser, the 
resulting data were normalized with respect to the larger neutron output. 
These four corrections yielded what could be considered the "true" number 
of counts per channel. 
One additional calculation made during the data reduction stage 
was the determination of the time after a neutron generator burst which 
corresponded to a particular analyzer channel. This relationship was 
T = ACW X (DR + CH-2) + ((CH-1) X 10) + ACW/2 (A-3) 
where 
T = time to midpoint of channel (|jLsec) 
ACW = analyzer channel width (jj,sec) 
CH = channel number (as on output tape). 
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APPENDIX B 
CURVE FITTING PROCEDURES 
The two types of curves fit to the experimental data were the 
single exponential and the straight line. The methods used to curve fit 
45 
were adapted from Bevington, who thoroughly develops the theory of 
curve fitting and error analysis and provides numerous nuclear engineering 
oriented examples and ready-to-use FORTRAN subroutines. 
The single exponential is reduced to an equivalent straight line 
by taking the natural logarithm of both sides, i.e., 
In y = In [A eBt] (B-l) 
which reduces to 
In y = In A + Bt , (B-2) 
a straight line. Thus, the only curve which need be fitted to exponential 
or linear data is a straight line. A straight line was fitted to the data 
by the method of least squares which requires the coefficients of the 
fitted straight line to minimize the weighted sum of the square of the 
difference between the experimental "y" value and the fitted "y" value. 
The coefficients of least squares fitting 
y = a + bx (B-3) 
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to data of the form (y.,x.) are 
, /r-1 A . r—, y . »-. A . r ~ A - y - \ 




where a. is the standard deviation of the data point y.. The square of 





° S ~ i I ^ r • (B-8) 
For a counting experiment the standard deviation, a. , of the number 
of counts in channel i, y., is fy. . For a straight line fit to the 
counting data, then 
o* = y. . (B-9) 
For an exponential fit, however, a transformation was made to obtain a 
linear equation and this must be taken into account when determining the 
a of the transformed variable, In y.. The transformed standard deviation 
i i 
a', is related to the standard deviation of the counts in channel i, a.. 
i' I 
Thus 
a. = 7y. for a linear fit 
1 i 




d(ln y±) a± 1 




EQUIVALENCE OF PRODUCT OF THE AVERAGE 
AND AVERAGE OF THE PRODUCT 
With the following definitions ' 
D(E) (jL(E) <JE 
D = ^ ~ (C-D 
L ^<*> dE 
and 
vn (v) dv 
v = ̂ " , (C-2) 
W* dv 
where d., is the Maxwellian flux rM 
a^ is the Maxwellian neutron density, 
u 6 2 we have 
r»°° f>°° 
__ | D(E) $.(E) dE | vn^(v) dv 
vD = ̂  £• — • ia-M (c_3) 
Jo0M(E) dE JonM(v) dv 
«°° ft00 
_ J0
D(E) V E ) dE J A ( E ) dE 
I0̂ M<
E> dE J0 £ •
 V V V > dv 
(continued) 
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oD(E) 0M(E) dE 
n i • ^ ( E ) dE 
= D 
Also , def in ing 63 
2 = a 
2 (E) 0L(E) dE o a ' rMN 




JovnM(v) dv J Ea(E) 0M(E) dE 
vE = a 





I (E) d_(E) dE 
Vv> dv JA<E> dE 
J v£a(E) n^E) dE 
= vE 
CO £ 
L V E ) dE 
I l l 
APPENDIX D 
DECAY CONSTANT OF MULTIPLYING MEDIUM 
The thermal diffusion equation for a bare homogeneous reactor is 
5 V ^ , t ) - \ «rf(r,t> + S =
 1 *£•*> (D-1) 
where the source term is 
S = vZfepth Lf(1-p) 0(r,t) . (D-2) 
This is seen as: 
Ŝ .0 = number of fissions/cm3-sec in the medi um 
ev2_^ = number of fission neutrons/cm3-sec in the medium 
(l-P)evS 0 = number of prompt fission neutrons/cm3-sec in the medium 
p Lf(l-P)ev2 (/) = number of prompt fission neutrons/cm
3-sec which slow to 
thermal energy escaping fast leakage and resonance 
capture. 
The solution of equation (D-1) incorporates separation of vari-
ables: 
(2f(r,t) = R(t) • 0(t) (D-3) 
where the time equation is (after equation (6) in the main paper): 
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i d0i ( t ) __ _ 
9 - I 0 ' - T F - = - <vD *Lm + v S a - V v Ef «p th
Lf <x-w> • (D-4) 
rlmn 
Thus, 
a (B2) = vE + vD B2 - v v 2 , ep, , L . ( l - P ) (D-5) 
o a t tn x 
aQ(B
s) = vZ^ + ^ + vD B2 - vS^Tl ep t h L f (1-p) (D-6) 
ar^B8) = ^ + v D B 2 + vZ* ( l -T]ep t h L f (1-P)) (D-7) 





DERIVATION OF THE DECAY CONSTANT EQUATION 
WITH ANISOTROPIC COEFFICIENTS 
The diffusion equation for a heterogeneous non-multiplying medium 
can be written for cylindrical geometry as 
VD^ V2. 0(r,z,t) + ̂ D V2 0(?,z,t) - vE 0(r\z,t) (E-l) 
= ¥ t <?•«.'> 
where 
V2 = the radial components of the Laplacian operator 
V2 = the axial components of the Laplacian operator 
D, = average radial diffusion coefficient 
D. = average axial diffusion coefficient, 
Assuming space and time independence 
0(?,z,t) = R(r) Z(z) T(t) (E-2) 
— > — • 
where R(r) and Z(z) are the eigenfunctions satisfying 
V^R + K^R = 0 (E-3) 
and ^ Z + B^Z = 0 (E-4) 
respectively, where 
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B2 = radial buckling 
r ° 
B2 = axial buckling. 
z ° 
The substitution of equations (E-2), (E-3), and (E-4) into equation (E-1) 
yields 
k 4£ = - [vD. B2 + vD„ B2 + vZ• ] . (E-5) 
1 at 1 r II z a 
The fundamental decay constant resulting from the integration of equation 
(E-5) is 
a (B^B2) = vD. B2 + vD,, B2 + vS . (E-6) 
o r' z X r II z a 
In a similar manner, the fundamental decay constant for a multiplying 
medium may be developed. The neutron age is divided into an axial com-
ponent, T, , and a radial component, f, . The resulting equation is 
11 «J» 
a (B2,B2) = vE + vD, B2 + vD,, B2 - v£ (1-P) . (E-7) o r' z' a J. r II a x v ' 
exp[- B2 T. ] • exp[- B2 T M ] . r X z 
The relationships between the average parameters and the directional par-
ameters are 
D = (1/3) (2DX + D(| ) (E-8) 
and 
T = (1/3).<2T + T ) . (E-9) 
APPENDIX F 
SCHEMATIC DIAGRAMS OF ELECTRONIC UNITS 
The circuits depicted in this appendix were the result o 
ingenuity of Mr. Billy D. Statham of the Georgia Tech School of 
Engineering Electronic Shop. 
OUTPUT A 











1. PIN A OUTPUT IS +9.35V TO OPERATE UNIJUNCTION 
PULSE GENERATOR WHEN Q1 IS ON. 
2. PIN A OUTPUT IS 0 WHEN Q2 IS ON. 

























































J 6 - 3 ON PULSED 
NEUTRON LOGIC UNIT 
r 
10 GNO. 
•14 TRIG. WRITE . 
•16 TRIG. READ & GATE WRITE FF 
17 RESET ADD I 
I 
18 ADDR. ADD ONE GATE . 
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Figure 38. Wiring Interface Between "Master" and "Slave" Analy 
zers. 
PURPLE 
-12V o ~ 1 
GREY 
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1. ALL TRANSISTORS ARE 2N964 
2. ALL DIODES ARE 1N914 
3. COLOR CODE IS CONSISTENT BETWEEN 





° G N D 





1. RESISTOR VALUES ARE SELECTED 
BY RANGE SWITCH 
2. PIN A HAS +9.35V WHILE NS-11 
IS COUNTING 
Figure kO. Schematic Diagram of the Unijunction O s c i l l a t o r . 
BUBBLE 
SENSOR 
(NOTE 3) 4 0 MF 5 6 K 
1.5 V _ = L 
NOTES: 
1. ALL TRANSISTORS ZIM1613 
2. OPERATIONAL AMPLIFIER FAIRCHILDjnA709 
3. BUBLE SENSOR IS 2 PARALLEL METAL PLATES 3/8" X 1/2" SPACED 1/8 TO 3/16" APART 
4. WHEN BUBBLE IS BETWEEN PLATES RESISTANCE INCREASES AND INPUT GOES NEGATIVE 
WHILE OUTPUT GOES POSITIVE, FIRING SCHMITT TRIGGER. 
5. FOR STOP PULSE CIRCUIT REVERSE POLARITY OF BATTERY. 
Figure 1+1. Schematic Diagram of the Bubble Detector Start Circuit. 
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